There are three stages in the replication of OX174 DNA: (i) the penetration of the singlestranded (SS) DNA into the cell and its conversion to the double-stranded replicative form (RF) DNA; (ii) the semiconservative replication of the RF molecules to generate a pool of some 10 to 50 RF molecules in the cell; (iii) the formation of progeny single-stranded DNA by an asymmetric replication of the RF (3, 16). During this third stage a covalently closed, circular SS DNA molecule is produced, and it is this event with which we are concerned here.
There are three stages in the replication of OX174 DNA: (i) the penetration of the singlestranded (SS) DNA into the cell and its conversion to the double-stranded replicative form (RF) DNA; (ii) the semiconservative replication of the RF molecules to generate a pool of some 10 to 50 RF molecules in the cell; (iii) the formation of progeny single-stranded DNA by an asymmetric replication of the RF (3, 16) . During this third stage a covalently closed, circular SS DNA molecule is produced, and it is this event with which we are concerned here.
The synthesis of progeny SS DNA is known to require five viral-coded proteins, three of which are found in the mature virion (10) and to proceed via a linear intermediate which is infectious in spheroplasts (25, 26) . The fact that linear SS DNA can be infectious suggests that there exists a mechanism, independent of the events involved in the actual synthesis of the molecule, for bringing the two ends together to form a circle, but the process used to bring the two ends together is not understood. In this work we present evidence that the structure of the linear strand enables the two ends of the molecule to hydrogen-bond to ble that this is the normal mechanism for circularizing a linear single-stranded DNA molecule.
MATERIALS AND METHODS
Organisms. Escherichia coli C, OX174, and standard procedures for working with OX have been described (2) . E. coli tau-bar ts7 was isolated and characterized by Pauling and Hamm (18, 19) . The lysis-defective amber mutant oXam3 was isolated and characterized by Hutchison and Sinsheimer (9) .
Enzyme reactions. Bacterial alkaline phosphatase (EC 3.1.3.1, Worthington, BAPC) was further purified on DEAE cellulose (31) . Reactions were performed at 65 C for a total of 20 min; phosphatase was added to a concentration of 2 U/ml at 0 and 10 min. Deoxyribonuclease I (EC 3.1.4.5, Worthington, DPFF) was dissolved in 50 mM Tris-hydrochloride (pH 8) at 2 mg/ml and used at a concentration of 0.3 mg/ml for 2 h at 37 C with 5 mM MgSO4. Venom phosphodiesterase (EC 3.1.4.1, Worthington, VPH) was similarly dissolved and added to the DNase I-digested sample at 180 gg/ml together with 0.5 mg each of dTMP, dCMP, dGMP, and dAMP per ml, and the reaction was continued at 37 C for 2 h more. Endonuclease R was purified from Haemophilus influenzae by the method of Smith and Wilcox (28) (24, 25) although the yield of infective progeny phage is reduced in proportion to the length of time the cells have been exposed to the high temperature (D. T. Denhardt, unpublished data) .
In a population of phage particles synthesized in the mutant at the restrictive temperature a greater proportion of the phage DNA is found in VOL. 12, 1973 IWAYA ET AL.
J. VIROL. (25) . Figure 1B shows that linear strands are also found in phage particles synthesized in E. coli C. However, in the wild-type cell a smaller proportion of the total viral DNA is found in linear strands, and it is not clear whether these linear strands are equivalent to the intermediate found in the ligase-defective host or whether they are the result of adventitious breakage of the DNA during extraction and isolation, or both.
Circularization of the linear strands. To facilitate the exploration of a variety of conditions for obtaining circularization of the linear strands, the following procedure was adopted. Initially it was determined that the 5' end was phosphorylated by comparing the amount of 32p incorporated into the linear strands by polynucleotide kinase and gamma-32P-ATP before and after treatment of the linear strands with alkaline phosphatase. Fig. 2 shows that non-phosphatase-treated linear strands ( Fig. 2A) To prove circularization, the 32P-labeled DNA was centrifuged on an alkaline sucrose gradient before and after treatment with phosphatase. These gradients are presented in Fig.  3 . Figure 3A shows that prior to phosphatasetreatment most of the 32p iS in approximately unit-length, linear strands; Fig. 3B shows that after phosphatase treatment the phosphataseresistant 32p sediments predominantly in the same position as circular strands. This experiment shows that linear strands isolated from particles produced in the ligase-deficient host are intrinsically capable of becoming covalently closed circular SS DNA, but only after reaction with a DNA polymerase as well as with polynucleotide ligase.
Analysis of the 5' terminus of the linear DNA. The linear strands were labeled with a 5' terminal 32P as previously described and digested with pancreatic DNase I and venom phosphodiesterase, and the resulting mononucleotides were chromatographed in two dimensions on a thin-layer PEI plate as described in Materials and Methods. The mononucleotides 25 tsliters of DNA (1 mg/ml) in 0.1 M EbTA (pH 7), 0.5 ml of water, and 0.5 ml of 10% trichloroacetic acid were added consecutively at 0 C. The trichloroacetic acid precipitates were collected on glass fiber filters and washed with four 3-ml portions of 5% trichloroacetic acid and three 3-ml portions of cold ethanol. The filters were dried, and the amount of 3H and 32P was determined in a scintillation spectrometer and measured in counts per minute.
b The complete reaction mixture contained salts and enzymes as described in Materials and Methods. After incubation with ligase and polymerase at 25 C, 30 Aliters of Tris-hydrochloride (50 mM, pH 8) and 5 jsliters of bacterial alkaline phosphatase were added and the mixture was incubated at 65 C for 15 min. In experiment 2 a second 5-gliter portion of phosphatase was added and a second 15-min incubation was performed.
c The preparation of T4 DNA polymerase used contains a small amount of polynucleotide ligase. were located by examination of the plates under UV illumination, and the radioactivity was eluted and counted. Table 2 summarizes the data of a number of experiments, all of which lead to the conclusion that nearly half of the linear strands have a G residue at the 5' terminus; the complete OX genome contains 23% G (27) .
Nature of the noncircularized DNA. Since only a portion (10-20%) of the linear DNA could be converted to a circular form by T4 DNA polymerase and ligase (Table 1 and Fig. 3 ), an investigation was undertaken into the nature of the noncircularized DNA. In this experiment the linear strands were reacted with T4 DNA polymerase and ligase except that alpha-32P-dCTP was used in the incubation mixture. The labeled DNA resulting from the reaction was then reacted with E. coli DNA polymerase, unlabeled deoxynucleoside triphosphates, and ligase to convert as much as possible to a double-stranded form. Figure 4 shows analyses of the DNA at the various stages of these reactions. In Fig. 4A the alkaline sucrose sedimentation pattern of the 32P-labeled DNA after Fraction number FIG. 4 . Sedimentation analysis of linear strands after incubation with T4 DNA polymerase. Linear strands were prepared and incubated with T4 DNA polymerase, ligase, 32P-dCTP, and other reagents as described. The labeled DNA was purified by sedimentation on neutral sucrose gradients. A, Low-salt, alkaline sucrose gradients of this 32P-labeled DNA with marker 3H-linear (l) and circular (c) strands. The labeled DNA was then incubated further with E. coli DNA polymerase 1, ligase, oligonucleotides, and unlabeled triphosphates (24) to form RF. The DNA from this reaction was purified again by centrifugation on neutral sucrose. Samples of this DNA were then run on alkaline and neutral sucrose gradients with appropriate markers. B, Alkaline sucrose gradients of the 32P-labeled DNA with 3H-marker circular and linear strands. C, Neutral sucrose gradient of the 32P-labeled DNA with XX 3H-RF I, II, and III markers (13) . The gradients in all three parts were centrifuged in the SW40 rotor for 13 gradient of the material after the reaction with E. coli DNA polymerase I. Figure 4C shows a neutral sucrose gradient of' the same material as was run in Fig. 4B but this time with 3H-labeled RF 1, 11, and III (RF III is a linear duplex the length of the OX genome). These gradients, collectively, suggest that the majority of' the linear strands were not converted to circular RF II molecules but rather to "hair-pin"-like RF III molecules composed of longer than unit-length linear strands that were self-complementary and thus able to fold back upon themselves to form double-stranded RF III molecules of roughly unit length. In the alkaline gradient of' Fig. 4B , linear strands twice the molecular weight of OX DNA would sediment somewhat faster than the circular unit-length molecules, roughly around fraction no. 26. We calculate (29) that, during the process of RF III formation, about 600 to 1,000 nucleotides were added by the T4 DNA polymerase reaction and a further 1,000 to 4,000 nucleotides by the E. coli DNA polymerase I. Since it appears (Fig.  3B) that few or no double-length circles were produced, we conclude that most of' the 3' termini that were available for reaction with T4 DNA polymerase were produced by the formation of intramolecular complexes rather than intermolecular complexes.
The RF III molecules resulting from the successive reactions with T4 DNA polymerase and 32P-dCTP, and then E. coli DNA polymerase I and unlabeled triphosphates, were treated with endonuclease R in order to localize the radioactivity incorporated during the reaction with T4 DNA polymerase. Figure 5 presents a gel pattern of the endonuclease R digest of the 32P-labeled DNA together with 3H-RF (uniformly labeled). It is evident that f'ragments R9, R8, and R7.1 have more label than f'ragments R3, R2, and Rl, with the other f'ragments (R4-R6) having intermediate amounts of label. We conclude from this experiment that the label incorporated into the linear strands by T4 DNA polymerase I is in a limited region of the genome, and that the ends of the linear strands are not randomly located. the linear strands in the reactions described in the text above and in Fig. 4 are illustrated in Fig. 6 . The data presented in Fig. 4 , together with the knowledge that only about 10 to 20% of the linear strands were circularized ( (27) presented evidence that the DNA of bacteriophage OX174 was single stranded. Two components were observed in the ultracentrifuge, a major component at 16S and a minor component at 14S, but the nature of the difference between the two components was not then determined. Subsequent studies (5) provided evidence that the more rapidly sedimenting 16S molecule was circular, whereas the second, slower, component was a linear molecule of the same molecular weight. All phage preparations examined contained at least 10 to 20% of the linear component, which was then thought to have been produced by random cleavage of the circular molecule. Our present results suggest an alternative explanation-that the linear strands were intermediates in SS circle formation. However, further studies will be required to distinguish these possibilities.
Nearly half of the linear strands have a phosphorylated deoxyguanosine residue at the 5' end, although signif'icant amounts of' the other three deoxynucleotides are found as well. These linear strands are produced by the displacement of a viral strand from an RF molecule simultaneously with synthesis of a new viral strand in the RF (3), and the RF molecules produced have a gap in the newly synthesized plus strand (24) . The gap is in the fragment R3 produced by endonuclease R (P. H. Johnson and R. L. Sinsheimer, Fed. Proc. 32:491, 1973) and this fragment is known to carry markers from cistron A, the product of which is required for RF replication and SS DNA synthesis. Whether or not this gap is in the same position of the genome as the gap which must be closed to circularize the linear strands remains to be shown, but our result (Fig. 5) showing a deficiency of label in (among others) the R3 fragment derived from RF III molecules (see Fig. 6 (15) may have the structure pictured in Fig. 6 . This could easily be tested by experiments similar to those we have described in this paper.
The palindromic sequence implied by our experiments (see Fig. 6 ) may explain certain aspects of the behavior of superhelical OX RF.
For instance, the number of superhelical turns in superhelical OX RF would be a function of the number of base pairs present in the "loopedout" structure pictured at the bottom of Fig. 6 , and it may be that this "looped-out" region is the region sensitive to the SS-specific endonuclease (13 
